Mitochondria are important organelles that harbor their own genomes encoding a key set of proteins that ensure respiration and provide the eukaryotic cell with energy. Recent advances in high-throughput sequencing technologies present a unique opportunity to explore mitochondrial (mt) genome evolution. The Saccharomycotina yeasts have proven to be the leading organisms for mt comparative and population genomics. In fact, the explosion of complete yeast mt genome sequences has allowed for a broader view of the mt diversity across this incredibly diverse subphylum, both within and between closely related species. Here, we summarize the present state of yeast mitogenomics, including the currently available data and what it reveals concerning the diversity of content, organization, structure and evolution of mt genomes.
INTRODUCTION
Mitochondria play an essential role in multiple cellular processes including the production of energy (Hatefi 1985; Amunts et al. 2014) , apoptosis (Green and Reed 1998; Chandra, Samali and Orrenius 2000) and the generation of reactive oxygen species (ROS) (Starkov 2008) . Long considered remnants of α-proteobacteria symbionts (Altmann 1890; Wallin 1927) , they harbor their own DNA, encoding genes necessary for the production of the oxidative phosphorylation (OXPHOS) complexes that span the mt inner membrane . The small size of the mtDNA reflects the fact that the genes it harbors are not sufficient for the production of the OXPHOS pathway, indeed many of the key components are instead found in the nuclear genome. This is because that over time most of the mt genes have been transferred to the nucleus or lost (Amunts et al. 2014) . This ongoing process has shaped the evolution of nuclear genomes and appears to have a species-specific distribution in yeasts (Sacerdot et al. 2008) . Indeed, it has been hypothesized that the observed divergence, in the now nuclear-encoded genes, has actually contributed to speciation in Saccharomyces spp. (Chou and Leu 2010) .
The existence of mtDNA was first inferred in the 1940s in Saccharomyces cerevisiae as a heritable cytoplasmic element called the rho factor (Ephrussi, Hottinguer and Tavlitzki 1949) , and was later formally recognized in chicken cells (Nass and Nass 1963) and yeast (Schatz, Haslbrunner and Tuppy 1964) . Relatively recently, sequencing of both mt and nuclear genomes has become rapid and affordable. The main organism that has emerged as the focus of mt studies is S. cerevisiae (Solieri 2010) , with its mtDNA completely sequenced in 1998 (Foury et al. 1998) . This universally recognized species is easy to manipulate in the laboratory making it an ideal model for a variety of genetic studies. There is an estimated 50 to 200 copies of mtDNA in the haploid cell of S. cerevisiae (Solieri 2010) , which is approximately 15% of the total DNA content (Williamson 2002) . However, this varies among yeast isolates and also depends on the environment the cell is in (Moraes 2001; Hori et al. 2009 ). Additionally, contingent on if the cell is in stationary phase or grown anaerobically, the nucleoids (aggregates of multiple mt genomes) contain between 1.5 and 20 copies of the genome (Miyakawa et al. 1984; Nosek et al. 2006) . Interestingly, S. cerevisiae can grow without functional mitochondria, in which case it produces respiratorydeficient smaller colonies, termed 'petite' mutants, allowing for the study of the repercussions of a variety of severe mitochondrial defects.
Indeed S. cerevisiae has been used to model mt-tRNA mutations in humans (Tuppen et al. 2010) since mt transformation is possible (Bonnefoy and Fox 2007) . Mitochondria are, in fact, implicated in a variety of human diseases (Holt, Harding and Morgan-Hughes 1988; Wallace 2005; Tuppen et al. 2010) , and investigation of mutations in mitochondrial DNA (mtDNA), also principally using S. cerevisiae, has advanced the understanding of a variety of mt disorders (Mishra and Chan 2014) . Furthermore, yeast mtDNA is biparentally inherited after mating, providing a means to study the role of recombination and inheritance in mt genome evolution. While S. cerevisiae is one of the most thoroughly studied eukaryotic organisms and has laid the groundwork for a suite of different studies, it is clearly not representative of all yeast lineages.
Yeast genetics has historically focused on S. cerevisiae; however, there have been attempts to move towards a broader view of yeast mt genomes. Currently, there are over 80 species within the Saccharomycotina that have mt genomes available (Fig. 1) . Indeed, this vast amount of sequence data has demonstrated that there is incredible diversity in mt genome structure and organization. While interspecific analysis of mt genomes has allowed for a better understanding of the evolution of genomic architecture, intraspecific case studies provide a means to assess the extent to which selection pressures act on isolates within distinct lineages. In this brief review, we focus on the variability and evolution of mt genomes in yeasts, in particular the Saccharomycotina subphylum, and describe the existing knowledge concerning mtDNA, emphasizing the importance of expanding mt genome sequencing to include additional species.
YEAST AT THE FOREFRONT OF MITOCHONDRIAL COMPARATIVE AND POPULATION GENOMICS
Although some work was done on mt genomes in the 1980s, it wasn't until 1995 that the first Saccharomycotina mtDNA was sequenced from the species Wickerhamomyces canadensis (Sekito et al. 1995) . A few years later the S. cerevisiae mt genome was completed (Foury et al. 1998) ; however, since that point, the availability of genomes from various species in the Saccharomycotina has grown, with 81 now publicly available (Fig. 1 , Table S1 , Supporting Information). These genomes represent a diverse range of yeast lineages ( Fig. 1) and are an important dataset for the investigation mtDNA evolution.
While the majority of research on mt genome diversity has focused on S. cerevisiae, it is important to also expand studies to other diverse yeast genera in order to fully clarify mechanisms of evolution. There have been attempts to assess the roles that gene duplication and functional divergence have had on the evolution of the essential genes of the OXPHOS pathway found in the mt genome (Lavín et al. 2008; Marcet-Houben, Marceddu and Gabaldon 2009 ). These studies revealed that even in this essential pathway both gene loss and gene duplication, as well as subsequent functional divergence, are rampant (Marcet-Houben, Marceddu and Gabaldon 2009). In particular, mt ribosomal proteins appear to be quite distinct in the Saccharomycotina and Pezizomycotina subphylums (Arvas et al. 2007 ). In the Pezizomycotina, analysis of mt genomes has demonstrated a suite of interesting characteristics, including the presence of introns carrying ORFs encoding ribosomal proteins, plasmids that play a role in senescence, and finally diverse intergenic regions that affect replication, transcription and recombination (Pantou, Kouvelis and Typas 2008) . The mt genomes of other fungi in the Ascomycetes, including the medically relevant genera Aspergillus and Penicillium, also represent interesting lineages for study that have implications in human health, since they are responsible for the production of antibiotics, enzymes and other pharmaceuticals (Joardar et al. 2012) . Furthermore, mt genomes can be used to estimate both the time of divergence as well as the time since the last common ancestor of two sister clades (Jeffares et al. 2015 ). The few rare attempts to assess interspecies variation have revealed a core set of conserved genes and a wide diversity among accessory genes (Joardar et al. 2012) , likely shuffled by horizontal gene transfer of mt plasmids and intron homing (Joardar et al. 2012) .
Studying mt genomes provides a means to uncover diverse processes in genome evolution. Yeasts, specifically, present ideal model systems for mitogenomics research since they are easily manipulated in the laboratory and a broad diversity of different lineages is available for study. Ultimately, it is essential to recognize the importance of yeast mitogenomics for its implications in basic, applied and medical research (Lee et al. 2008; Chou and Leu 2010; Lipinski, Kaniak-Golik and Golik 2010; Albertin et al. 2013; Mishra and Chan 2014) .
MITOCHONDRIAL GENOME GENE CONTENT
Yeast mtDNA encodes a set of 30 to 40 genes including those that code for proteins, the small (rns) and large (rnl) rRNA subunits, and approximately 24 tRNA genes. The core set of coding genes which are found in all yeast mt genomes are comprised of the subunits of ATP synthase (atp6, atp8 and atp9), units of the cytochrome c oxidase (cox1, cox2 and cox3) and apocytochrome b (cob) (Zamaroczy and Bernardi 1986; Wolf and Giudice 1988; Foury et al. 1998; Solieri 2010) , all of which are involved in oxidative phosphorylation. Additionally, the mt genome can also include the genes coding for the seven NADH: ubiquinone oxidoreductase subunits (nad1-6 and nad4-L) which are part of complex I, the gene coding for the ribosomal protein var1 and finally the RNA subunit of the mt RNaseP (rpm1). Interestingly, the presence and absence of both the NADH and var1 genes are consistent with the main phylogenetic clusters (Fig. 1) . The var1 gene was lost from all genomes in the CTG group (Fig. 1) , which are yeasts which have a CUG codon that encodes serine, representing a deviation in the genetic code (Massey et al. 2003) . The var1 gene is also missing from the extremely compact genome of Hanseniaspora uvarum, which has a notably unique organization (Pramateftaki et al. 2006) . Moreover, none of the NADH subunits are found in the species of the Saccharomycetaceae (Dujon 2010) , indicating that the deletion of these genes occurred at some point during the early evolution of the lineage (Dujon 2010; Prochazka et al. 2010) . There is a patchy distribution of these subunits in other species, in particular they are absent from Ogataea philodendron, Wickerhamomyces pijperi, H. uvarum and Starmerella bacillaris ( Fig. 1) . Interestingly, all of the NADH genes are found in Dekkera bruxellensis, which demonstrated that the loss of complex I is not needed to develop petite-positive, Crabtree-positive and anaerobic characteristics (Prochazka et al. 2010) . Incidentally, we did not indicate the presence or absence of rpm1 in the (Guindon et al. 2010) , using the Mtrev model of amino acid substitution (Adachi and Hasegawa 1996) . The phylogeny is based on the concatenated alignments of the seven core protein-coding genes (atp6, atp8, atp9, cob, cox1, cox2 and cox3) . The bootstrap values (100 replicates run) are listed for all nodes >50. The currently accepted clades are overlaid on the phylogeny. To the right of the tree, the presence or absence of var1 and the NADH genes is indicated with an orange and blue bar, respectively. The GC content is then listed for each genome (both using a color map as well as listing the actual data). Finally, the bar graph scheme of the genome content demonstrates the contribution to genome size by CDS and non-coding RNAs, introns and intergenic regions.
81 genomes surveyed as this gene is consistently poorly annotated, and analysis might not be reliable.
Since mt gene content is well conserved, concatenated sets of mt protein-coding genes have been used as phylogenetic markers (Bullerwell et al. 2003; Rokas et al. 2003; Spatafora et al. 2006; Hibbett et al. 2007; Pantou, Kouvelis and Typas 2008) . The multilocus phylogenies based on these mt genes, while largely representative of the accepted relationships, do not correlate identically with species trees (Belloch et al. 2000; Liu et al. 2008; Joardar et al. 2012) . The phylogenetic tree based on the concatenated protein sequences coded by the set of core genes found in the 81 currently publically available mt genomes (Fig. 1) is no exception: an overall conservation in the relationships with nuclear DNA is observed, while some inconsistencies can be noticed. The most apparent difference is that in addition to the lack of resolution in the root of the phylogeny, surprisingly one of the basal branches harbors the Dekkera cluster, normally found more closely located to the Saccharomycetaceae as was demonstrated previously (Dujon 2010) . Another difference in the phylogeny is the location of the CTG group in relation to the Dipodascaceae, which have positions that are essentially inverted in the mt tree ( Fig. 1 ) compared to previous studies based on nuclear DNA (Dujon 2010) . These changes in the phylogeny concur with what has been previously found, indeed there is discordance between the evolutionary history of the mtDNA and nuclear DNA. Ultimately, the differentiation and evolution of individual species is the product of the divergence in both the mt and nuclear genomes (Lee et al. 2008; Chou and Leu 2010) .
GENOME SIZE VARIABILITY IS DRIVEN BY DIFFERENCES IN INTRONS AND INTERGENIC REGIONS
Despite a high level of gene content conservation, there is a striking divergence among mt genome sizes. Indeed, the lengths range from the relatively small 18.5 kb genome of H. uvarum (Pramateftaki et al. 2006 ) to more than 85 kb in S. cerevisiae (Foury et al. 1998) , and over 105 kb in Nakaseomyces bacillisporus (Bouchier et al. 2009 ). Interestingly, a similar pattern is seen in other eukaryotes Nosek and Tomaska 2003) , including plants (Ward, Anderson and Bendich 1981; Alverson et al. 2010) where sizes can range from 222 to 773 kb within a family. The general overview of mt genome characteristics among species in the Saccharomycotina subphylum offered by Figs 1 and 2A demonstrates that there is no link between mt genome size and phylogeny. Some patterns can be observed with the Saccharomyces genus harboring a larger than average mt genome (an average of 76 kb vs 41 kb, respectively) and the protoploid species generally with smaller genomes (an average of 32 kb). Indeed, among the Nakaseomyces species, mt genome size ranges from 20 kb in Candida glabrata to 107 kb in Kluyveromyces bacillisporus (Bouchier et al. 2009 ). While not as dramatic, changes in length are also seen among genomes in the Lachancea clade, composed of a range of closely related lineages, with the smallest genome harbored by Lachancea thermotolerans (23.5 kb) and the largest over twice this length found in Lachancea kluyveri (51.5 kb) (Talla et al. 2005; Friedrich et al. 2012 ). This pattern is also seen among Candida species, with genomes ranging from 28 kb in C. phangngensis to 48.5 kb in C. galli (Gaillardin et al. 2012) . Furthermore, intraspecific differences within the Lachancea clade are observed as well, with genomes among L. thermotolerans isolates found to be from 21.8 to 24.9 kb (Freel et al. 2014 ) and those of L. kluyveri from 50.1 to 53.7 kb ).
The basal driver behind the differences in mt genome size is not the length of the CDS, but instead variability in the noncoding sequences (Fig. 2) , as has been highlighted previously (Bouchier et al. 2009; Friedrich et al. 2012; Jung et al. 2012) . There are two types of non-coding sequences, which contribute differentially to the changes in length: the intergenic regions and the introns (Fig. 2B) . In fact, as can be inferred from Fig. 2 , the intergenic regions are the most influential factors accounting for approximately 90.5% of the variance in length, in contrast to the 7 and 2% accounted for the introns and CDS, respectively. As expected, the intergenic regions are thus highly correlated to the total mt genome length, (r 2 = 0.841, Fig. 2D ), and vary from 1 985 to 94 009 bp (with a median of 9 068 bp, Fig. 2B ). The proportion of intergenic regions in relation to the whole mt genome ranges from 7.8% as found in Millerozyma sorbitophila (Jung et al. 2009 ) to an amazing 88% in N. bacillisporus (Fig. 1 , Table S1 , Supporting Information). Repetitive elements are found in the intergenic regions of nearly all species, which include both stretches of AT sequences and GC-rich clusters thought to enhance recombination in mtDNA (Bernardi 2005 ). An exception has been identified in C. glabrata for which the GC clusters are missing (Koszul et al. 2003) . The proportion of AT to GC regions varies among different yeasts. For example, long AT spacers compose approximately 50% of S. cerevisiae mtDNA and the GC clusters just 5%. However, in some Nakaseomyces species, the number of GC clusters ranges from 0 to 218 (Bouchier et al. 2009 ), leading to the 5-fold change in size observed between the largest (107.1 kb in K. bacillisporus) and smallest genomes (20 kb in C. glabrata) (Bouchier et al. 2009 ). Research focusing on the clinically relevant Candida albicans demonstrated that phylogenetic classification based on highly variable mt intergenic regions revealed geographically distributed polymorphisms and in fact, provided a complementary method to current multilocus sequence typing (Bartelli et al. 2013) . Similarly, the large intergenic regions found in L. kluyveri account for the dramatic difference in size between this lineage and its sister species L. thermotolerans, in which the intergenic regions represent up to 41 and 22.3% of the mt genome, respectively. Even between isolates from a single species, such as L. kluyveri there are changes in the intergenic content, which constitutes from 28 to 41% of the mt genome . The second type of non-coding sequences considered are the introns. While their number and length are highly variable among species, they impart a minimal contribution to the variance in mt genome length (approximately 7%) and not surprisingly, there is no direct correlation between their length, and genome size (r 2 = 0.044, Fig. 2C ). Among the Saccharomycotina, mt genomes harbor from 0 to 17 introns, and have a cumulative length ranging from 0 to 21 030 bp, (median of 5 455 bp, Fig. 2B ). The introns in mtDNA are organized into two groups (I and II) (Lang, Laforest and Burger 2007) , with group I introns classified into four families depending on their secondary structure and protein motifs (LAGLIDADG, GIY-YIG, HNH and His-Cys box), and group II introns encoding reverse transcriptases (Haugen, Simon and Bhattacharya 2005; Lang, Laforest and Burger 2007) . The introns can be linked with an upstream exon or free standing, and generally are located in or around specific genes (Haugen, Simon and Bhattacharya 2005) . The group I introns act as mobile elements that can be gained, lost or inverted, explaining variation in mtDNA size among isolates even within species (Dujon 1989; Foury et al. 1998) . Among the Pezizomycotina, the intron content appears to be the main cause of differences in mt genome length (Joardar et al. 2012) . As there is a paucity of interspecific studies, it is difficult to determine if more variability is seen within or between species. For example, in the Candida clade, C. alai harbors one intron while C. frijolesensis has ten (Valach et al. 2011) ; clearly this contributes to the size difference in mtDNA among species. However, it must be noted that there is an inherent bias in these findings since the number of introns also varies among isolates of a single species Freel et al. 2014) and only individual representatives were chosen for comparison. Finally, as expected, it is worth highlighting that when the calculation is performed using the combined length of the intergenic regions as well as the introns (Fig. 2E) , the correlation is even stronger (r 2 = 0.959). Clearly, there is variation in the evolution of the non-coding regions within and among different species. While there is consistently variation in mt genome sizes, there are different degrees to which the synteny of gene arrangement is observed at both the inter-and intraspecies levels.
DISPARATE PATTERNS REVEALED BETWEEN INTRA-AND INTERSPECIES GENE SYNTENY
The range in genome size along with the mechanisms that shuffle introns and intergenic regions within the mt genome might suggest that mt genomes would lack gene synteny. However, different levels in conservation of genome organization are apparent throughout the Saccharomycotina. Indeed, among and within the species of the Lachancea Jung et al. 2012; Freel et al. 2014) , Candida (Kosa et al. 2006) and Yarrowia clades (Gaillardin et al. 2012) there is an extremely high degree of gene conservation and synteny. However, this is not the case between other closely related species, with variability observed among yeasts from the Nakaseomyces (Bouchier et al. 2009 ). It appears that much of the incongruence in gene order is likely due to the inversion of short intergenic repeats and mobile introns (Prochazka et al. 2010) . Interestingly, certain gene sets are consistently found together, including the most conserved region identified across multiple species including a cluster of cox1-atp8-atp6, in the mtDNA of species of the Saccharomyces complex (Pramateftaki et al. 2006) and nad4L-nad5 which is conserved in all ascomycetes that have the genes for complex I (Groth, Petersen and Piskur 2000; Kosa et al. 2006; Solieri 2010 ). An analysis of Pichia species and other closely related lineages revealed the presence of large syntenic blocks (Jung et al. 2009 ). Indeed, while more distantly related species harbor some minor differences (Jung et al. 2009 ) the intraspecific studies completed to date that have used a substantial population of isolates have both found complete synteny in gene order among the mtDNA Freel et al. 2014) . These differences in gene organization can, in some instances, be attributed to the circular topology of the genome, which might facilitate rearrangement.
VARIABILITY IN YEAST mtDNA TOPOLOGY
Not long after the discovery of mtDNA in yeast (Schatz, Haslbrunner and Tuppy 1964) , a variety of structures in nature were identified including monomeric circles (Boore 1999) , concatenated circles (Lukes et al. 2002; Roy et al. 2007 ), linear concatemers (Bendich 1993; Williamson 2002 ) and fragmented multipartite genomes (Palmer and Shields 1984; Voigt, Erpenbeck and Worheide 2008) . Initial studies exploring yeast mtDNA assumed that the molecule existed solely as a circular element, which led to a false dogmatic theory that all yeast mtDNA was circular, with any linear molecules identified described as remnants of broken DNA (Williamson 2002) . However, in 1991 PFGE demonstrated that although some circles were present, the majority of mtDNA in S. cerevisiae consists of polydisperse linear tandem arrays ranging from 75 to 150 kb in size (Ling and Shibata 2002) . Another confounding aspect in understanding the evolution in mt topology is that there is asymmetry in segregation of mtDNA during cell division of S. cerevisiae, with daughter cells obtaining linear monomers of the genome. Ultimately these monomers are then amplified using a rolling-circle mechanism; however, mother cells generally harbor concatemeric and branched mtDNA (Ling and Shibata 2002) .
The structure of genomes among species of yeast is not well conserved, and the evolutionary origin of this diversity is yet to be well understood. Various studies using Candida species as a model system have investigated this variability in genome architecture. In C. glabrata (as well as S. cerevisiae), linear concatamers dominate the type of topology among mtDNA, while in C. albicans it is present as a network of branches (Gerhold et al. 2010) , and polydisperse molecules, which are possibly an artifact of recombination-driven replication (Bendich 2010; Gerhold et al. 2010 ). An additional study looking at three closely related Candida species revealed that even when gene synteny and organization is highly conserved (even with identical locations of tRNAs), the molecular forms differ. Indeed C. parapsilosis as well as C. metapsilosis have linear genomes while C. orthopsilosis has circular mtDNA. A careful inspection of the mt telomeres from these three species demonstrated that even with different topology, the telomeres have essentially the same organization (Kosa et al. 2006) . This study concluded that the linear mt genome actually evolved from a circular-mapping form driven by the emergence of mt telomeres (Kosa et al. 2006) and an eventual defect in telomere maintenance. These findings were also supported in later work, which expanded the analysis to eight Candida species (Valach et al. 2011 ). Valach and colleagues identified an intriguing variability in genome architecture with forms ranging from circular to linear mapping and even multipartite forms, and suggested that the linear form evolved from an ancestral circular genome. Interestingly, it appears that genome topology actually changes depending on the life stage of the yeast cell, with more circles present in the bud as it forms, and linear concatemers detected at a higher concentration as it matures. This change in mt DNA topology is linked to both replication and recombination, which play essential roles at different points in the life cycle of the yeast cell.
REPLICATION AND RECOMBINATION IN YEAST mtDNA
Shortly after finding that mtDNA is often present in a linear form, it was suggested that mtDNA replicates through a rollingcircle mechanism (Maleszka, Skelly and Clark-Walker 1991) . Within the intergenic sequences of species in the Saccharomyces genus, ori regions are located, which potentially play a key role in the initiation of replication. In petite-positive mtDNA, there are seven or eight regions, approximately 300 bp in length, harboring GC-rich regions and AT clusters as well as a promoter for rpo41 (a mt RNA polymerase) (Bernardi 2005) . It has been hypothesized that mt diversity exists in a species-specific pattern linked to replication and segregation (Solieri 2010) . Thus, it is essential to pursue additional analyses across and between lineages to clarify if strategies for replication are indeed unique to individual species. In C. albicans, possible replication origins have not been identified, but it appears that recombination drives mtDNA replication initiation (Gerhold et al. 2010) . This finding also drew on the fact that mtDNA in C. albicans is found as a branched network, and the study concluded that topology is an essential factor in recombination-driven replication.
One clear difference between mammalian mtDNA and that of yeast is that it is biparentally inherited after a mating event, providing an opportunity for recombination to take place. Recombination in yeast mtDNA was first identified in 1974 (Dujon, Slonimski and Weill 1974) and occurs after mating when the mitochondria from the parental strains fuse with recombinant mtDNA then found in the diploids (Fritsch et al. 2014) . This heteroplasmic state is fleeting, and only present in the cell for approximately 20 generations. The zygote that buds from the mid-point after mating is the most likely to possess a recombinant genotype. Previous research suggested that homologous recombination is induced after the repair enzyme Ntg1 creates a double-strand break in the DNA. Initial studies on interspecific consistency of mtDNA replication assessed recombination in the haploid mt genome of a set of C. albicans isolates and found that clonal proliferation of the mt genome was linked to clonal proliferation of the nuclear genome (Anderson et al. 2001) ; however, replication of the mtDNA occurs independently from the nuclear genome. Recently, mtDNA recombination was analyzed to assess the impact of intraspecies variability between a cross of S. cerevisiae isolates. The results indicated that the global recombination rate was approximately three events per kb (Fritsch et al. 2014) , and the data generated allowed for the construction of the first genome-wide map of recombination in yeast. Interestingly, they uncovered 23 hotspots of recombination throughout the mt genome, 15 of which were located in intergenic regions, with only 3 found exclusively in the introns of cox1, cob and var1 (Fritsch et al. 2014) . They concluded that recombination could, in fact, have a higher impact on genome reorganization than the mutation rate. The importance of the factors that affect changes in mtDNA over time might depend on the lineage in question; clearly more interspecies studies are needed to clarify this topic.
PATTERNS OF EVOLUTION IN mtDNA AND PHENOTYPIC IMPLICATIONS
Studies on yeasts, in particular concerning the Saccharomycotina, have advanced the knowledge on mt genome evolution. Lately, some studies have expanded the focus of mt research in order to include interspecific studies on single species as well as a broader diversity of yeast lineages, both of which are key steps in elucidating patterns of genome evolution. The yeast L. kluyveri is petite negative, and thus is a good model for studying intraspecific mt genome evolution. The first extensive investigation of the genetic diversity and patterns of mtDNA evolution in a single species was undertaken using 18 isolates from this lineage . Among the strains analyzed, all harbored highly polymorphic mtDNA and the dN/dS ratios of the protein coding genes indicated that purifying selection was working on the genome. In fact, the only inconsistency observed was in the case of the var1 gene, which encodes a mt ribosomal protein of the small subunit (Hudspeth et al. 1982 (Hudspeth et al. , 1983 . Interestingly, var1 had a higher dN/dS ratio than the other genes, suggesting the functional constraints on this gene, which is less conserved and not found in all yeast mt genomes, might be unique . L. thermotolerans, a closely related species to L. kluyveri was the focus of an additional study including 50 isolates from diverse locations (Freel et al. 2014) . These genomes were both smaller than in L. kluyveri and more highly conserved. Indeed, although these two lineages are closely related, stronger purifying selection and/or lower mutation rates appear to be driving the evolution of the mtDNA in L. thermotolerans. An additional study focused on the intergenic regions of mtDNA from a set of 21 C. albicans isolates also found structure linked to geographical location and suggested that the non-coding regions are under neutral evolution (Bartelli et al. 2013) . Indeed, this highlighted that amplification of the highly variable intergenic regions of mtDNA could provide an ideal typing method for pathogens and afforded a glimpse into the microvariability of the mtDNA of a species in the CTG group. Among species of this clade, five were compared in order to characterize genome evolution. This analysis revealed a phylogeny with two distinct clades composed of either Pichia or Candida lineages, and also provided evidence for the delineation of Pichia farinosa and P. sorbitophila as different species (Jung et al. 2010) . A study on multiple species in the Lachancea clade revealed consistently strong signatures of purifying selection ) across all lineages. Purifying selection has apparently purged most indels and nonsynonymous differences from mt protein-coding genes among the genomes of the Lachancea clade. Additional studies are required to determine whether the results obtained are consistent with patterns of gene evolution in other groups.
Clarifying the relationship between genotype and phenotype in individuals from a single species is an essential step in elucidating the mechanisms of genome evolution. The mtDNA contributes to phenotypic diversity in yeast, which is in part generated by the interplay between the mt and nuclear genomes (Dowling, Friberg and Lindell 2008; Solieri et al. 2008 ) as many of the components for the OXPHOS pathway are located in the nuclear genome, as mentioned previously. Research has shown that variation in mt and nuclear genomes affects fitness in a diverse set of organisms ranging from insects (Drosophila and Callosobruchus) (Arnqvist et al. 2010) to copepods (Tigriopus) (Ellison and Burton 2008) , and epistatic interactions between the mt and nuclear genomes have been implicated in the production of various phenotypes and possibly driving hybrid breakdown and speciation (Burton and Barreto 2012) . While it is clear that mitochondria play an essential role in cell survival, the extent to which mt-nuclear DNA interactions affect phenotypic variation in yeast is not well understood. Within species of the Saccharomyces genus, incompatibilities between the mt and the nuclear DNA can cause respiratory deficiencies (Chou and Leu 2010) , which could ultimately lead to a divergence between lineages. Recently, using S. cerevisiae as a model, it was demonstrated that interfering with mt-nuclear DNA interactions produced increased amounts of ROS and a variety of fitness defects (Paliwal, Fiumera and Fiumera 2014) . Indeed, it appears that mt and nuclear epistasis has a large impact on determining yeast survival in different environments. Also, since these interactions apparently were not dependent on genetic distance, coevolution of the genomes can likely take place rapidly. A more thorough understanding of how mt and nuclear genomes interact to produce phenotypic changes will provide a better view of genome evolution and speciation and could potentially have implications in understanding mt diseases.
CONCLUSIONS AND PERSPECTIVES
It is essential to expand genomic research to a broad range of yeast species since genome organization and architecture are variable and the evolutionary reasons behind these differences are not well understood. Although S. cerevisiae has proven to be a helpful model for many studies, including those elucidating different aspects of mt genome function and structure as well as clarifying epistasis between the mt and nuclear DNA, additional species need to be included in future research. There is a clear lack of intraspecific mt genome data, and thus the extent to which mt genome organization, topology, diversity and selective pressure, vary between isolates of a single species is not clear. As the appreciation for the essential and complex role that mtDNA has in cell survival develops, understanding what changes in mt genomes affect selection pressures, phenotype and ultimately the evolution of the genome will be elucidated.
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